
1 
 

Producing geothermal energy with a deep borehole heat exchanger: exergy 

optimization of different applications and preliminary design criteria 

Alimonti C1,*, Conti P2, Soldo E1 

1University of Rome – DICMA, Via Eudossiana 18, 00184 ROMA 

2University of Pisa – DESTEC, Largo Lucio Lazzarino - 56122 Pisa  

*Corresponding author: claudio.alimonti@uniroma1.it  

Abstract  

This paper aims at proposing fast and plain design tools to evaluate the best energy application for 

deep borehole heat exchangers, exploiting geothermal resources. Exergy efficiency has been chosen 

as a performance index. Five possible utilization solutions have been analyzed: district heating, 

adsorption cooling, ORC power production, a thermal cascade system, and combined heat and 

power configuration. An extensive sensitivity analysis on source characteristics and well geometry 

has been performed to find the design criteria that ensure the maximum exergy performance. 

Results show that configurations involving district heating are recommended for exclusive power 

production. If optimized, district heating exergy efficiency can reach values in the range 40 % - 50 % 

when a geothermal source at the well bottom is lower than 300 °C. For higher values, the combined 

heat and power production is a preferable choice, reaching an exergy efficiency of up to 60 %. Design 

charts are also provided to read first-attempt values of the well operative temperatures and flow 

rate to maximize exergy efficiency for each utilization layouts. 

Keywords 

geothermal energy; exergy; ORC; district heating; absorption cooling plant; deep borehole heat 
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Nomenclature 

c    specific heat capacity    [J/kg K] 

eẋ    specific exergy    [kJ/kg] 

Ė𝑥    exergy rate    [W] 

Kg   temperature gradient   [°C/100 m] 

İ   exergy destruction   [W] 

IQR   interquartile range 

k   convective heat transfer   [W/m2 K] 

H   total length of the well  [m] 

ṁ   mass flow rate    [kg/s] 

𝑁𝑝𝑝𝑟   pipes per row number in the cooling tower 

𝑁𝑅   rows number in the cooling tower 

p   pressure    [bar, MPa] 
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Q̇   total thermal power    [W] 

R   thermal resistance   [mK/W] 

r   radius     [mm] 

T   temperature    [K or °C] 

t   time     [s] 

Ẇ   mechanical/electrical power  [W] 

𝑤𝑎   frontal air velocity in the cooling tower [m/s] 

z   depth     [m] 

Acronyms 

ABS_CHILL  absorption chiller 

CP   circulation pump 

CT   cooling tower 

DBHE   deep borehole heat exchanger  

DH   district heating  

DSH+COND  desuperheater + condenser 

EER   energy efficiency ratio 

EVA   evaporator 

FP   ORC feeding pump 

HRSG   heat recovery steam generator 

HEx   heat-exchanger 

ORC   organic ranking cycle 

PH   preheater 

P   pump 

SH   superheater  

T   turbine 

WBHX   WellBore Heat eXchanger 

Greek symbols 

α   thermal diffusivity   [m2/s] 

η   efficiency 

λ    thermal conductivity   [W/m K] 

ρ   density     [kg/m3] 

Subscripts, superscripts 

a    ambient state 

dw   downward 

f   fluid 

gen   generator 

II   second-law 

i   inner 

in   inlet  
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o   outer 

out   outlet 

ret   return 

s   soil property 

sup   supply 

up   upward 

w   water 

0   reference state 

1. Background 

The geothermal energy is a sustainable, renewable and green energy source, but unfortunately 

underused. In 2018 the globally installed capacity of renewable energy sources was about 2,350.7 

GW (IRENA REPORT 2019), the most percentage of which (55%) was covered by hydropower 

(Fig.1). The global installed capacity of geothermal energy was 13.3 GW, followed only by wave 

power. Considering that the estimated geothermal potential for the identified resources is 6 TW 

(Stefansson, 2005) it is clear why the R&D areas are focusing their efforts on finding new strategies 

to increase geothermal development.   

 

Figure 1 – Share of RES global capacity 

The main obstacles to the growth of the geothermal sector are the costs and risk related to 

exploration and drilling phases, and the absence of social consensus among population. Gehringer 

and Loksha (2012) have shown that when geothermal projects reach the drilling phase, the 

cumulative cost is 50% of the entire project cost. An interesting solution is the use of a zero-mass 

extraction device, namely a deep borehole heat exchanger, which avoid all the risks (corrosion, 

scaling, subsidence, vapour emissions, micro-seismicity) and the treatment costs related to the 

extraction and reinjection of brines. The plant is a coaxial heat exchanger made of steel (Fig. 2). The 

heat carrier fluid is pumped in the external annulus that is separated by an insulator from the 

internal pipe, in which the fluid flows up to the bottomhole.  
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Figure 2 – The Deep Borehole Heat Exchanger. 

Since 00’, several authors (i.e. Kujawa et al. 2006; Wang et al. 2009; Taleghani 2013; Akhmadullin 

and Tyagi 2014; Mokhtari et al. 2016; Renaud et al. 2019) are studying the use of the deep borehole 

heat exchanger (DBHE), or WellBore Heat eXchanger (WBHX) as is named by Nalla et al. (2005), and 

3 pilot tests have been realized (Kohl et al. 2002; Morita et al. 1992). The feasibility of geothermal 

energy production via the DBHE has been demonstrated, though the heating effectiveness of this 

type of closed-loop plants is much lower than conventional plants, due to the pure conductive heat 

extraction. Some authors consider the DBHE very promising for unexploited geothermal systems 

where the extraction of brines entails several issues, like volcanic ones (Galoppi et al. 2015; Alimonti 

et al. 2016). Furthermore, many works have proposed the use of the DBHE to repurpose depleted 

oil&gas wells (Alimonti and Soldo 2016; Davis and Michaelides 2009; Templeton et al. 2014; Feng et 

al. 2015; Noorollahi et al. 2015; Wight and Bennet, 2015), where a great amount of hot water is often 

present and the expensive phases of exploration, drilling and construction have already been 

concluded. Regarding the final use of the extracted heat, some authors have evaluated the potential 

electricity production via ORC plants (see Nalla et al. 2005; Wang et al. 2009; David and Michaelides 

2009; Akhmadullin and Tyagi 2014; Noorollahi et al. 2015; Wight and Bennet 2015; Alimonti and 

Soldo 2016) whereas others of them (see Morita et al. 1992; Kohl et al. 2002; Mottaghy and Dijkshoorn 

2012; Templeton et al. 2014; Le Lous et al. 2015; Caulk and Tomac 2017; Macenić and Kurevija 2018) 

recommend the direct use of the heat. The paper of Wang et al. (2017) illustrates a field test and the 

numerical investigation conducted in Xi'an, China, where the 3 DBHEs have been connected to heat 

pumps to provide heating and cooling for a residential area and a commercial area.   

The sector of buildings air-conditioning is particularly interesting and promising for renewable 

energy sources and especially for geothermal energy. A study of the United Nations Environment 

Programme (UNEP, 2014) highlights that more than 30% of the total energy use and associated GHG 

emissions are produced by buildings, both in developed and developing countries. Considering that 

most of the worldwide heating and cooling systems are fed by natural gas or electricity produced 
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by fossil fuels, the geothermal energy can be strategic to reach the ambitious EU targets for 2030 and 

2050 in terms of GHG cuts and RES share increase. The geothermal resources can be used to satisfy 

the thermal request (heat, cool, and hot water) of buildings with no GHG emissions and 

independently by weather conditions, thus solving also the issues related to the energy dependence 

of countries. 

The target of this work is to identify the optimal final use for the geothermal energy produced by a 

deep borehole heat exchanger. Five utilization layouts have been considered in the analysis: a district 

heating DH plant, an absorption-chiller (ABS_CHILL) plant,  a cascade system composed by a DH 

plant and an ABS_CHILL plant, a cascade system composed by an ORC plant and a DH plant. The 

four plant schemes have been applied not to a single case study but, to study the potential of the 

DBHE, a sensitivity analysis has been carried out, changing the ground properties, the heat 

exchanger parameters, the operating temperatures of the DH and the ABS_CHILL plants. 

The authors consider the exergy analysis the most suitable method to evaluate a system by a 

thermodynamic point of view. The energy also includes a part that cannot be transformed in work, 

whereas the exergy is the available work. It is a measure of the maximum work output that could 

theoretically be obtained from a system interacting with a given environment (which is at constant 

pressure 𝑝𝑎 and temperature 𝑇𝑎) (Di Pippo 2004; Kotas 1995). The exergy balance takes also into 

account the irreversible production of entropy, thus identifying both maximum theoretical 

performance and the inefficiencies of a system.  

The geothermal literature involving the exergy is very large and it includes the classification of 

resources with exergy (Lee 2001; Barbacki 2012; Ramajo et al. 2010), the exergy analysis of 

geothermal power plants (see Di Pippo 2004; Yari 2008; Ganjehsarabi et al. 2012; Gӧkgedik et al. 

2016; Fiaschi et al. 2017; Fallah et al. 2018) and the low enthalpy applications (ground source heat 

pumps, district heating and cooling, thermal storage). Ozgener et al. have analysed different 

geothermal DH systems in Turkey (2004, 2005, 2005) using the energy and exergy balance, thus 

determining the heating system performance, energy and exergy efficiencies, and exergy losses. 

Various articles (see Hepbasli 2005; Bi et al. 2009; Ally et al. 2015; Kang et al. 2017) are focused on 

the energetic and exergetic analysis of a ground source heat pump systems (GSHP) under different 

operating modes. For instance, this approach has been used by Hu et al. (2017) to improve the 

performance of a GSHP system for a public building in Wuhan, China; Erbay and Hepbasli (2014) 

studied a (GSHP) dryer used in food drying. Environmental and economic evaluations have been 

integrated with exergy analysis by some authors (i.e. Ozgener O, Hepbasli 2005; Akbulut et al. 2016). 

Ambrìz-Diaz et al. (2020) used advanced exergy and exergo-economic analysis for a polygeneration 

plant (an ORC, an absorption chiller and a dehydrator) driven by geothermal energy is the 

municipality of Ixtlan de Los Hervores in México. Kizilkan and Dincer (2012) have used energy and 

exergy analysis to evaluate a borehole thermal energy storage (BTES) plant designed to meet the 

cooling demand of 10 university campus buildings in Canada. Some authors used the exergy 

analysis for a comparison between a GSHP and an air source heat pump (ASHP) (Baccoli et al. 2015; 

Li et al. 2014) or between two GSHP systems (Akpinara and Hepbasli, 2007). Li et al. (2018) published 
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an interesting theoretical study focused on the oilfields with high water cut: the geothermal water 

separated is used in a polygeneration system composed by a two-stage ORC plant, an absorption 

chiller, the oil gathering and transport heat tracing. The authors have used energy and exergy 

analysis to evaluate the performance of the system. The same approach has been used by Leveni et 

al. (2019) to evaluate a cascade system made of an ORC and a water/lithium bromide ABS to be 

applied at the geothermal power plant of Torre Alfina (Italy). An integrated system combining an 

Organic Rankine Cycle and absorption chiller driven by geothermal energy has been investigated 

by Ehyaei et al. (2020) and Al-Mousawi et al. (2017).  

The literature regarding the deep borehole heat exchanger reports only a few works that include a 

thermodynamic assessment based on exergy balance (Feng et al. 2015; Mokhtari et al. 2016; Alimonti 

et al. 2019): all of them analyze a DBHE connected to an Organic Rankin Cycle plant.  

The present paper proposes a new approach for the sector of deep borehole heat exchangers and the 

final target is to produce design guidelines to identify the best application technology for a DBHE 

with specified conditions.  

2. Methods 

A homogenous performance index must be considered to properly compare different utilization 

strategies for DBHE technology. In this work, we refer to exergy concept that is widely applied in the 

energy sector to compare different energy forms (e.g. power and heat), systems and applications 

(e.g. power production, building cooling services, district heating networks) [Kotas 1005, Bejan et al 

1995, Rosen&Dincer 2013]. The exergy also referred to as “availability”, is a measure of the 

maximum work output that could theoretically be obtained from any thermodynamic system 

interacting with a reference environment (i.e. the dead state). Similarly, the exergy represents the 

minimum work that must be provided to any thermodynamic system to bring it from the dead state 

to a final energy state. Exergy analysis is an established methodology to investigate the quality of 

energy conversion processes as it can find irreversibilities and exergy losses occurring at each step 

and/or component [Casarosa et al 2014]. In this work, the exergy efficiency has been applied to 

measure the exploitation quality of a given availability of energy (i.e. geothermal source) according 

to the utilization scenario. 

We compare the exergy performance of five reference utilization plants to be coupled with DBHE 

technology. The reference systems are representative of possible employment strategies for 

geothermal energy, namely: power production, thermal uses, cascade and/or hybrid applications. 

Figure 3 shows the reference layouts and the main related variables: a) district heating (DH); b) 

absorption cooling plant (ABS_CHILL); c) an ORC power plant; d) a cascade system composed by 

an ABS_CHILL cooling plant and a DH system e) a cascade system composed by an ORC power 

plant coupled with a DH system at the outlet section of the turbine. 
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                         ORC working fluid                                Water in the DBHE 

 
Figure 3 – Reference systems layout. 
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2.1. Energy and exergy models 

All the components of the systems in Figure 3 are evaluated at the nominal working conditions, 

through steady-state mass, energy, and exergy balances, together with the overall rate equation for 

the heat exchangers. Thermo-physical properties of water and ORC working fluid are evaluated as 

a function of temperature and pressure, through the widespread software REFPROP [NIST 2013]. 

Table shows the values of the parameters used in this work, together with the list of unknown 

quantities calculated in each tested configuration. The details on components models are provided 

in [Alimonti et al. 2019]. Here, we recall the main modelling strategy of each component: 

• Undisturbed/far-field ground temperature: the ground source is precautionary assumed as 

a purely conductive media. The far-field ground temperature profile is assumed as a linear 

function of the depth with a surface value of 25 °C (reference ambient temperature) and a 

constant temperature gradient over the z-direction, 𝐾𝑔. The values of 𝐾𝑔, 𝜆𝑔, and 𝛼𝑔 are 

objective of the next sensitivity analysis. However, their value is assumed as constant and 

homogeneous in all the ground source. 

• DBHE: the thermal power exchanged between the circulating fluid and the far-field ground 

temperature is evaluated through a series of equivalent thermal resistances (Fig. 4). Axial 

effects are neglected, however the temperature evolution of the fluid along the WHBX ducts 

are evaluated through the so-called “quasi-3D approach” [Alimonti et al. 2019, Conti et al. 

2016]. At a given dept, 𝑧, the following differential equation applies: 

{
�̇�𝑤𝑐𝑤

𝑑𝑇𝑤,𝑑𝑤

𝑑𝑧
(𝑧) =

𝑇𝑠(𝑧)−𝑇𝑤,𝑑𝑤(𝑧)

𝑅𝑎
−

𝑇𝑤,𝑑𝑤(𝑧)−𝑇𝑤,𝑢𝑤(𝑧)

𝑅𝑏

−�̇�𝑤𝑐𝑤
𝑑𝑇𝑤,𝑢𝑤

𝑑𝑧
(𝑧) =

𝑇𝑤,𝑑𝑤(𝑧)−𝑇𝑤,𝑢𝑤(𝑧)

𝑅𝑏

    (1) 

where 𝑅𝑎 and 𝑅𝑏 correspond to the resistances shown in Figure 4. 𝑅𝑠  is the transient thermal 

resistance of the ground: it depends on ground thermophysical properties and the DBHE 

operation time [Alimonti and Soldo 2016, Conti 2016]. In this work, we refer to a year of 

operation as it corresponds to the period required to get sufficiently close to the steady-state 

value. Further details are provided in [Alimonti and Soldo 2016 and Alimonti et al. 2019]. 

The integration of the set of equations (1) between the inlet and outlet sections of the DBHE 

provides the profile of the fluid temperature over the downward and upward ducts. See 

Table 1 for the geometry and thermal properties of steel and insulation (air). The profile of 

the linear thermal power is evaluated accordingly.  

Pressure profile over the DBHE ducts is evaluated through the solution of the 1-D 

momentum equation over the downward and upward ducts (see Eq. 2). The z-direction is 

assumed as positive from the top to the bottom of the DBHE. 

𝑑𝑝𝑤,𝑑𝑤

𝑑𝑧
= 𝑔𝜌𝑤 − 𝑓𝑤

1

𝐷ℎ

𝑤𝑓,𝑑𝑤
2

2
      (2) 

Friction coefficient, 𝑓𝑤, is evaluated through the classical Darcy–Weisbach equation using the 

Moody diagram for fully developed turbulent flows [Lavine et al. 2011]. As above-

mentioned, 𝜌𝑤 and 𝑓𝑤, are assumed as dependent from temperature and pressure, therefore 

“thermosiphon effect” due to density variation is included in the model, affecting the 

pressure drop (or increase) and the pumping energy required between DBHE inlet and outlet 
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sections.  The pumping process in the main DBHE pump is considered as isentropic, but the 

electrical-mechanical efficiency of the device is set equal to 0.6. 

 
Figure 4 - DBHE thermal resistance model 

Table 1- DBHE geometry and thermal properties. 

Outer/Inner radius Value 

Layer 1 244.40/226.60 

Layer 2 226.60/177.8 

Layer 3 177.8/150.36 

Layer 4 150.36/88.90 

Layer 5 88.90/77.92 

Thermal conductivity: 

𝝀𝟏, 𝝀𝟑, 𝝀𝟓  
50 𝑊 (𝑚𝐾)⁄  

Thermal conductivity 
𝝀𝟒 

0.04 𝑊 (𝑚𝐾)⁄  

 

• District heating: the district heating network is modelled as water flow to be heated from 60 

°C to 90 °C. The useful flow rate, �̇�𝐷𝐻, and the corresponding thermal power are calculated 

considering a heat transfer effectiveness of the main DH heat exchanger equal to 0.8.  

• Absorption chiller: the end-user chiller loop works with supply and returns temperatures of 

7 °C and 12 °C, respectively. The chiller is assumed as an indirect-fired unit, namely the 

generator is equipped with a heat exchanger that allows the energy transfer between the hot 

water from the DBHE loop and the refrigerant mixture (e.g., LiBr-H2O). The temperature 

required at the generator, 𝑇𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑔𝑒𝑛, is assumed equal to 100 °C. The heat exchanger 

within the ABS_CHILL generator is assumed to be sufficiently long to ensure a unitary heat 

transfer effectiveness: in other words, the DBHE fluid leaves the absorption unit with a 

temperature, 𝑇𝑤,𝑜𝑢𝑡,𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿, equal to the one required in the ABS_CHILL generator. The 

performance of the chiller is evaluated through the Second-Law thermal efficiency method, 

according to sources temperatures and exergy efficiency, 𝜂𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿
𝐼𝐼 , assumed as constant and 

equal to 0.3. 

𝐸𝐸𝑅 = 𝜂𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿
𝐼𝐼 [

1

𝑇𝑎
−

1

𝑇𝐴𝐵𝑆_𝐶𝐼𝐿𝐿,𝑔𝑒𝑛
1

𝑇𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑠𝑢𝑝
−

1

𝑇𝑎

]    (3) 

• ORC power plant and cooling tower: following the results presented in [Alimonti et al. 2019], 

the considered working fluid is 2-methylpropane (isobutane). Depending on the 

temperature at the DBHE outlet section, the power of the Hirn cycle is calculated assuming 

condenser temperature, pinch point and approach value of all the heat exchangers; isentropic 

and electrical-mechanical efficiency of the turbine and feeding pump. As above-mentioned, 

all these assumed values are shown in Table 2. The power required by the fans in the cooling 

tower is evaluated according to the model presented in the Appendix of [Alimonti et al. 

2019]. For each tested configuration, the geometry of the finned surface (i.e., number of rows, 

𝑁𝑅, and the number of ducts per row, 𝑁𝑝𝑝𝑟) and the frontal air velocity, 𝑤𝑎, are optimized 

𝑅𝑠 
1

2𝜋𝑟𝑜,2𝑘𝑤,𝑑𝑤
 

𝑇𝑔(𝑧) 𝑇𝑤,𝑑𝑤(𝑧) 

𝑙𝑛 ቀ
𝑟𝑜,1

𝑟𝑖.1
ቁ

2𝜋𝜆1
 

𝑇𝑤,𝑢𝑤(𝑧) 

1

2𝜋𝑟𝑖,2𝑘𝑤,𝑑𝑤
 

1

2𝜋𝑟𝑖,5𝑘𝑤,𝑢𝑤
 



𝑙𝑛 ൬
𝑟𝑜,𝑗

𝑟𝑖,𝑗
൰
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𝑗=3

 

𝑅𝑎 𝑅𝑏 
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through a genetic algorithm to minimize electricity input, ensuring the required heat 

exchange at the condenser. 

The considered expressions of the exergy efficiency for each configuration is the following: 

𝜂𝐷𝐻
𝐼𝐼 =

�̇�𝐷𝐻(𝑒𝑥𝐷𝐻,𝑠𝑢𝑝−𝑒𝑥𝐷𝐻,𝑟𝑒𝑡)

𝐸𝑥𝐷𝐵𝐻𝐸
�̇�

+�̇�𝑃,𝐷𝐵𝐻𝐸

         (4) 

𝜂𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿
𝐼𝐼 =

�̇�𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿(𝑒𝑥𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑠𝑢𝑝−𝑒𝑥𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑟𝑒𝑡)

𝐸𝑥𝐷𝐵𝐻𝐸
�̇�

+�̇�𝑃,𝐷𝐵𝐻𝐸

     (5) 

𝜂𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿+𝐷𝐻
𝐼𝐼 =

�̇�𝐷𝐻(𝑒𝑥𝐷𝐻,𝑠𝑢𝑝−𝑒𝑥𝐷𝐻,𝑟𝑒𝑡)+�̇�𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿(𝑒𝑥𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑠𝑢𝑝−𝑒𝑥𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑟𝑒𝑡)

𝐸𝑥𝐷𝐵𝐻𝐸
�̇�

+�̇�𝑃,𝐷𝐵𝐻𝐸

  (6) 

𝜂𝑂𝑅𝐶
𝐼𝐼 =

�̇�𝑂𝑅𝐶,𝑛𝑒𝑡−�̇�𝑃,𝐷𝐵𝐻𝐸−�̇�𝐶𝑇

𝐸𝑥𝐷𝐵𝐻𝐸
�̇�

         (7) 

𝜂𝑂𝑅𝐶+𝐷𝐻
𝐼𝐼 =

�̇�𝐷𝐻(𝑒𝑥𝐷𝐻,𝑠𝑢𝑝−𝑒𝑥𝐷𝐻,𝑟𝑒𝑡)+�̇�𝑂𝑅𝐶,𝑛𝑒𝑡−�̇�𝑃,𝐷𝐵𝐻𝐸−�̇�𝐶𝑇

𝐸𝑥𝐷𝐵𝐻𝐸
�̇�

     (8) 

where 𝑒𝑥 is the physical exergy associated with the fluid stream �̇�, and 𝐸𝑥𝐷𝐵𝐻𝐸
�̇�  is the exergy 

associated to the heat flow between the undisturbed ground and the DBHE circulating fluid. �̇� is 

input or output electrical power or exergy. The reference environmental state is 𝑇𝑎 = 25 °𝐶 and 𝑝𝑎 =

1 𝑏𝑎𝑟. 

Table 2. Assumed parameters and unknows for each configuration, 

Parameter Value 
Quantities to be determined 

in each configuration 

District Heating (confs. DH, ABS_CHILL+DH, ORC+DH)  

Supply temperature, 𝑇𝐷𝐻,𝑠𝑢𝑝 90 °C �̇�𝐷𝐻, �̇�𝐷𝐻, 𝑇𝑤,𝑜𝑢𝑡,𝐻𝐸𝑥, 

𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, 𝑇𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸 , 𝑝𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, 

𝑝𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸,�̇�𝑃,𝐷𝐵𝐻𝑋  

 

Return temperature, 𝑇𝐷𝐻,𝑟𝑒𝑡  60 °C  

Heat exchanger effectiveness, 
𝜖𝐻𝐸𝑥 

0.8  

Absorption Chiller (confs. ABS_CHILL, ABS_CHILL+DH) 

Generation temperature, 
𝑇𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑔𝑒𝑛 

100 °C �̇�𝐴𝐵𝑆_𝐶, �̇�𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿, 𝑇𝑤,𝑜𝑢𝑡,𝐴𝐵𝑆_𝐶 , 

𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, 𝑇𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸, 𝑝𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, 

𝑝𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸,�̇�𝑃,𝐷𝐵𝐻𝑋 

Outlet temperature of the 

DBHX loop from the generator 

100 °C  

Second-Law efficiency 0.3   

Supply temperature, 
𝑇𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑠𝑢𝑝 

7 °C  

Return temperature, 
𝑇𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑟𝑒𝑡  

12 °C  

ORC power plant (confs. ORC, ORC+DH) 

Working fluid 2-methylpropane (Isobutane) �̇�𝑤𝑓, 𝑝𝐸𝑉𝐴, �̇�𝑇 ,  �̇�𝐹𝑃 ,  𝑇𝑤,𝑜𝑢𝑡,𝐻𝑅𝑆𝐺 , 

 𝑁𝑝𝑝𝑟, 𝑁𝑅, 𝑤𝑎,  𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, HRSG pinch point 5 K 
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HRSG approach  10 K  𝑇𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸, 𝑝𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, 𝑝𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸, 

�̇�𝑃,𝐷𝐵𝐻𝑋 Turbine isentropic efficiency 0.85 

Turbine electro-mechanical 

efficiency 

0.95 

Condensing pressure 5.5 bar 

Condensing temperature 41.3 °C 

Condenser pinch point 5 K 

Feeding pump electrical-

mechanical efficiency 

0.6 

Cooling tower 

Approach point 5 K 

Air temperature variation 10 K 

Fans electrical-mechanical 

efficiency 

0.6 

Fin width 5 x 10-4 m 

Fin spacing 5 x 10-3 m 

Space between two rows 0.05 m 

Space between two 

consecutive pipes the same 

row 

0.05 m 

Coil inner/outer diameter  18/22 x 10-3 m 

 

3. Sensitivity analysis and optimization of the exergy performances 

This work presents a sensitivity analysis of the exergy efficiency indexes (see Equations 4 – 8) 

depending on the characteristics of the ground source and DBHE geometry. The following 

parameters and ranges have been considered: 

• Thermal diffusivity of the ground: 𝛼𝑔 = {10−7; 5 × 10−7; 10−6 }  m2/s 

• Thermal conductivity of the ground source: 𝜆𝑔 = {1; 2; 3} W/(m K) 

• Ground temperature gradient, 𝐾𝑔 = {30; 60; 90; 120; 150} K/km 

• DBHE depth, 𝐻 = {1,2,3,4,5} km 

Globally, we tested 225 different configurations for each of the 5 layouts in Figure 3. For each one of 

the tested configurations, the energy and the exergy balance of each component are evaluated 

through an in-house MATLAB® code.  

According to the assumptions and the modelling strategy illustrated in Section 2, the DH, 

ABS_CHILL, and ABS_CHILL+DH configurations have a single degree of freedom corresponding 

to the DBHE flow rate, �̇�𝑤,𝐷𝐵𝐻𝐸 . In other words, for given values of 𝛼𝑔, 𝜆𝑔, 𝐾𝑔, and 𝐻, the solution 

of the energy and the exergy balance only depends on �̇�𝑤,𝐷𝐵𝐻𝐸, which becomes the actual design 

variable. Similarly, for ORC and ORC+DH configurations, we have two design variables: the DBHE 

flow rate, �̇�𝑤,𝐷𝐵𝐻𝐸, and the inlet temperature, 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸 . The latter values determine the evaporation 

pressure and the flow rate of the ORC working fluid, together with all the other quantities. The 

following ranges have been considered: 
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• DBHE flow rate: �̇�𝑤,𝐷𝐵𝐻𝐸 = {1; 2 … 4.5; 5 }𝑘𝑔/𝑠 

• DBHE inlet temperature, 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸 = {60; 65 … min[100, 𝑇𝑔(𝐻)} °C 

The upper limit of 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸  is related to the ground temperature at the bottom of the DBHE to 

ensure the heating up of the circulating fluid. Globally, 37,800 simulations have been run. Not all 

the tested configurations are suitable for all the application strategies. To be included in the results, 

the following constraints must be met: 

• The DBHE fluid must be at the liquid state. Proper work pressure, 𝑝𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸 , is evaluated or 

each configuration through Equation 2 as a function of the fluid temperature profile within 

the DBHE. 

• The ground temperature at the well bottom must be higher than 100 °C; 

• Configurations resulting in negative exergy efficiency are discarded (e.g. the auxiliary 

energy consumption for pumping energy and cooling fans exceeds power production)  

4. Results and discussion 

In the following section, we present and discuss the results of the 15,811 simulations that are 

coherent with the above-mentioned constraints. Next, we focus on the 651 configurations that 

correspond to values of the �̇�𝑤,𝐷𝐵𝐻𝐸 and 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸 that maximize the exergy efficiency for given 

values of 𝛼𝑔, 𝜆𝑔, 𝐾𝑔, and 𝐻 in the 5 layouts. 

4.1. Complete view of all simulations results 

Figure 5 illustrates the relation between the bottom temperature of the geothermal resource, 𝑇𝑔(𝐻), 

and the exergy efficiency. 𝑇𝑔(𝐻) has been chosen as the main driver variable because the temperature 

profile along well depth is the typical data on which operators base their decision on the best 

application of a geothermal source. We explored a temperature range between 100 °C and 900 °C: 

obviously, temperature above 400 °C is ideal and only tailored to understand the theoretical 

potential of the DBHX technology. In the next Section 4.2, we discuss design maps and criteria for 

source temperature in the range 100 ÷ 400 °C: this temperature range is more realistic for geothermal 

applications and especially for borehole heat exchanger devices.  
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Figure 5 – Exergy efficiency versus the bottom temperature of the resource for the five layouts.  

The results indicate that the ABS_CHILL configuration is the one with the lowest values of exergy 

efficiency (maximum about 20 %) that increases only when source temperature is between 130 °C 

and 200°C. For higher values of 𝑇𝑔(𝐻), exergy efficiency lies between 0.1 and 0.2. The region related 

to the ORC configuration lies in the range 20 % ÷ 30 %. For the DH configuration, the maximum 

exergy efficiency values are in the range 40 % ÷ 50%, but 𝜂𝐷𝐻
𝐼𝐼  decreases at high source temperatures. 

When 𝑇𝑔(𝐻) is greater than 600 °C, DH and ABS_CHILL + DH technologies do not comply with the 

constraints of the present analysis. The presence of a DH plant in the cascade layouts produces an 

impressive positive effect, by doubling the upper limits of exergy efficiency for the exclusive ORC 

and ABS_CHILL solution.  

The great number of data produces a dispersion of the results: this phenomenon is probably 

explained with the selection of a great number of ground and operation parameters (e.g. DBHE flow 

rate), some of which are not so promising for the DBHE or the user plant. For instance, when the 

resource temperature is 400 °C, the exergy efficiency is between 15 % and 30 % if we use an 

ABS_CHILL + DH solution and between 35 % and 55 % if an ORC+ DH configuration is selected. 

The dispersion of the results is also observed for the produced heat, power, and the irreversibility 

rate (see Figures 6 and 7). However, some trends can be seen and discussed. 

Figure 5 can be used for preliminary screening of the most proper application for a given geothermal 

source condition: for 𝑇𝑔(𝐻): in the range 100 ÷ 300 °C, the utilization plants that include the district 

heating applications guarantee the higher values of exergy efficiency. In particular, the thermal-

cascade ABS_CHILL + DH layout is recommended. The ORC + DH solution reaches the best exergy 
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performance when the temperature exceeds 300 °C. The ORC plant and the ABS_CHILL plant are 

the lower efficient solutions. We recall that Figure 5 only allows the selection of the most proper 

utilization technology from an exergy perspective; an industrial decision should include other 

technical, economical, regulatory, environmental elements in any specific context.  

Figures 6 shows the direct correlation between source temperature and extracted heat, �̇�𝐷𝐵𝐻𝐸 . The 

maximum value of heat extracted by the DBHE is more than 10 MW when the temperature of the 

geothermal resource is 775 °C. As above-mentioned, this condition is ideal and useful to understand 

the theoretical potential of the deep borehole heat exchangers. For a realistic range of the ground 

temperature, i.e. between 150 °C and 400 °C, the extracted heat is in the range 0.1 ÷2 MW per well, 

which makes the technology of the DBHE promising for direct uses (DH, ABS_CHILL+ DH). Under 

the chosen sources temperature, the ABS_CHILL has a coefficient of performance of about 1, 

therefore �̇�𝐷𝐵𝐻𝐸 ≈ �̇�𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿. ABS_CHILL+DH configuration show more constant profiles as a 

function of 𝑇𝑔(𝐻): these results depend on the assumed constraints on 𝑇𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿,𝑔𝑒𝑛  and 𝜖𝑚𝐻𝐸𝑥  that 

limit the variability of DBHE working conditions. It can be seen that �̇�𝐷𝐵𝐻𝐸  is almost halved between 

“hot” and “cold” useful energy. Regarding power productions, the first-law conversion efficiency 

of the ORC plants is in the range of 5 ÷ 10%, therefore the range of the net produced power goes 

from 50 to 500 kW. The use of downstream DH section does not reduce the power output, but it 

ensures the same amount of thermal energy. In other words, the low-temperature heat that was 

discharged in the ORC configuration is converted in useful exergy, increasing the overall efficiency. 
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Figure 6– Extracted heat, thermal power and network versus source temperature for the five layouts. 

Concerning the exergy balance in the five layouts (see Figures 7), the maximum producible exergy, 

 𝐸�̇�𝑄𝑔
, increases with the temperature of the resource, anyway also the irreversibility values are 

growing. For instance, when the temperature of 775 °C is used in an ORC + DH layout, the maximum 

value of the exergy produced by the DBHE is 3.76 MW and the irreversibility is 1.06 MW; the total 

irreversibility is 3.08 MW. When the temperature of the resource is 175 °C, a minimum value of 
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about 110 kW is observed: the irreversibility produced by the deep borehole heat exchanger is 0.03 

kW and the total irreversibility is 0.05 kW. The results in Figure 7 confirm what is observed in Figure 

6, that is the higher the source temperature, the wider the range of exergy and irreversibility values 

that can be obtained by changing the operating parameters.  

An inverse relation is observed between the source temperature and the exergy efficiency of DH and 

ABS_CHILL + DH layout: this trend can be ascribed to the deviation between the increasing exergy 

of the source and the fixed temperatures of the user applications. Indeed, Figures 7 shows the 

increasing relevance of 𝐼�̇�𝑠𝑒𝑟  at high source temperatures. 𝐼�̇�𝐵𝑆_𝐶𝐻𝐼𝐿𝐿 values and shares indicate that 

the absorption chiller is the main exergy losses, even if it is working at favourable condensing 

temperature (25 °C). As shown in Figure 5, this DH and ABS_CHILL + DH layouts are recommended 

when the geothermal resource is between 150 °C and 300 °C. When the bottomhole temperature is 

greater than 300 °C, the ORC + DH plant can reach maximum exergy efficiency values in the range 

35% ÷ 50%.  
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Figure 7– Produced exergy and irreversibilities versus source temperature for the five layouts. 

4.2. Maximum exergy efficiency configurations  

This section illustrates the results and design guidelines regarding the configurations with 

optimized exergy efficiency. Figure 8 shows the maximum value of 𝜂𝐼𝐼 obtained for each 

combination of 𝛼𝑔, 𝜆𝑔, 𝐾𝑔, and 𝐻, corresponding to the optimal value of �̇�𝑤,𝐷𝐵𝐻𝐸 and 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸. The 

results are shown in Figure 8 confirm thermal uses (i.e., DH and ABS_CHILL+DH configurations) 
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as the optimal choice for geothermal sources up to 300 °C. For higher ground temperatures, the 

configuration ORC+DH shows the highest exergy efficiency. 

 

Figure 8 – Bottomhole temperature vs exergy efficiency for the configurations with maximum ηII.  

Figures 9 – 13 show the values of the main design variables for each application layout to achieve 

the maximum exergy efficiency. As described in Section 3, the design variables to be optimized are: 

• The DBHE flow rate, �̇�𝑤,𝐷𝐵𝐻𝐸 , for DH, ABS_CHILL, and ABS_CHILL+DH configurations; 

•  The DBHE flow rate, �̇�𝑤,𝐷𝐵𝐻𝐸 and the inlet temperature, 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, for ORC and ORC+DH 

configurations. 

As above-mentioned, a tailored design and optimization procedures must be performed in any 

specific context or project; however, Figures 9 – 13 can be used as preliminary design maps, first-

attempt values, or to obtain information on the optimal tends of design variables. 

DH applications 

The DH configuration consists of two heat exchangers in series (see Figure 3). As well-known from 

exergy theory [Bejan et al 1995], the Number of Transfer Units (NTU) and the temperature profiles 

of the heat exchanging media is the main drivers that determine the entropy generation in a heat 

exchanger. In the DH configuration, we have three main heat exchanging media: the ground 

temperature profile, the DBHE loop and the DH loop. The analysis of the 135 solutions 

corresponding to the maximum exergy efficiency showed of three dimensionless numbers: 𝑅𝑇𝐷𝐻, 

𝑁𝑇𝑈𝐷𝐵𝐻𝐸  and 𝑅𝑇𝐷𝐵𝐻𝐸 , defined as: 

𝑅𝑇𝐷𝐵𝐻𝐸 =
𝑇𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸−𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸

𝑇𝑔(𝐻)−𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸
 𝑁𝑇𝑈𝐷𝐵𝐻𝐸 =

𝐻

𝑅𝑎 �̇�𝐷𝐵𝐻𝐸 𝑐𝑤,𝑑𝑤,𝐷𝐵𝐻𝐸̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 𝑅𝑇𝐷𝐻 =

𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸−𝑇𝐷𝐻,𝑟𝑒𝑡

𝑇𝑔(𝐻)−𝑇𝐷𝐻,𝑟𝑒𝑡
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Figure 9-a shows the distribution of 𝑅𝑇𝐷𝐻  values for the DH configurations with the maximum 𝜂𝐷𝐻
𝐼𝐼  

value. The IQR is focused around 0.1 that can be used to estimate the optimal 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸  as a function 

of the DH loop and geothermal source temperature. Alternatively, 0.08 and 0.15 are suggested for 

high and low values of 𝑇𝑔(𝐻), respectively. Figure 9-b shows the relationship between the optimal 

values of 𝑅𝑇𝐷𝐵𝐻𝐸  and 𝑁𝑇𝑈𝐷𝐵𝐻𝐸 : it can be used to determine the optimal �̇�𝐷𝐵𝐻𝐸 as a function of the 

DBHE and ground source characteristics once that the temperature variation 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸 − 𝑇𝑤,𝑜𝑢𝑡,𝐷𝐵𝐻𝐸  

has been determined according to the mHEx heat transfer effectiveness, DH loop capacity and 

operative temperatures. 

      

Figure 9 – Dimensionless groups for the maximum-exergy design variables of DH utilization systems: (a) box and whisker plot of 

𝑅𝑇𝐷𝐻; (b) optimal 𝑅𝑇𝐷𝐵𝐻𝐸 as a function of optimal 𝑁𝑇𝑈𝐷𝐵𝐻𝐸 . 

ABS_CHILL 

Figures 10 show the distribution of the optimal value of the DBHE inlet temperature and flow rate. 

for the ABS_CHILL configuration. The optimal values are concentrated on a single value. The inlet 

temperature, 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸, for the ABS_CHILL always corresponds to the generation temperature of 

the absorption device (i.e., 100 °C for the present analysis) and it is not an actual design value. This 

conclusion derives to the high values of the heat transfer effectiveness between the DBHE loop and 

the refrigerant mixture. The optimal DBHE flow rate �̇�𝑤,𝐷𝐵𝐻𝐸 corresponds to the minimum feasible 

value as this condition reduce the mean temperature difference between the ground source and the 

circulating fluid and the irreversibility rate 𝐼�̇�𝐵𝐻𝐸 . 
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Figure 10 – Maximum-exergy design variables for ABS_CHILL utilization system: (a) DBHE inlet temperature; (b) DBHE flow rate. 

ABS_CHILL+DH 

Figures 11 show the distribution of the optimal value of the DBHE inlet temperature and flow rate 

for ABS_CHILL+DH configuration. The optimal values of 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸  is a single value, i.e., 68 °C. This 

value depends on the assumption of 𝑇𝐴𝐵𝑆_𝐶𝐼𝐿𝐿,𝑔𝑒𝑛 and 𝜖𝑚𝐻𝐸𝑥  and it is not an actual design variable. 

There is not a single value of the optimal DBHE flow rate, but it depends on the ground source 

characteristics. Apart from some outliers, there is a good correlation between 𝑇𝑔(𝐻) and the 

dimensionless group 𝑁𝑇𝑈𝐷𝐵𝐻𝐸 . In other words, the design maps in Figure 11 allows the estimation 

of the optimal DBHE flow rate, �̇�𝑤,𝐷𝐵𝐻𝐸, as a function of geometry and thermophysical properties 

(i.e., 𝐻 and, 𝑅𝑎). 

      
Figure 11 – Dimensionless groups for the maximum-exergy design variables of DH utilization systems: (a) DBHE inlet temperature; 

(b) optimal 𝑁𝑇𝑈𝐷𝐵𝐻𝐸  as a function of bottomhole temperature, 𝑇𝑔(𝐻). 
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Figure 12 – Useful “hot” and “cold” heat delivered by the ABS_CHILL + DH utilization system in the optimal exergy configuration. 

Additionally, Figure 12 shows the DH and the ABS_CHILL useful thermal power delivered in the 

optimal exergy configuration. We note that the  �̇�𝐷𝐻 is greater than  �̇�𝐴𝐵𝑆_𝐶𝐻𝐼𝐿𝐿  for almost all the 

cases. We conclude that DH is a more efficient use for the energy extracted by the DBHE, for the 

absorption technology. 

ORC 

Figures 13 show the distribution of the optimal value of the DBHE inlet temperature and flow rate 

for the ORC configuration. In the case of exclusive power production, the best design strategy is the 

one that maximizes the temperature level of the HRSG and the exergy efficiency of the power cycle.  

The distribution of the optimal 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸  values are concentrated on the upper boundary of tested 

ranges (i.e., about ≈ 100 °𝐶). Similarly, the best value for the DBHE flow rate corresponds to the 

lower boundary (i.e. ≈ 1.5 𝑘𝑔/𝑠) to maximize the DBHE outlet temperature. 𝑝𝐸𝑉𝐴 it is not an actual 

design value, as its value depends on the assumptions on the HRSG approach and pinch point. 

However, the 𝑝𝐸𝑉𝐴 distribution in the optimal configurations is concentrated on the upper limit of 

the working fluid, resulting in high evaporation temperatures. All these elements lead to the 

conclusion that the ORC power cycle has a predominant role as irreversibility source for the DBHE. 
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Figure 13 – Maximum-exergy design variables for ORC utilization system: (a) DBHE inlet temperature; (b) DBHE flow rate; (c) 

evaporation pressure. 

ORC+DH 

As above-mentioned, the downstream DH section does not alter the operational characteristics of 

the DBHE and ORC cycle, but it reduces the irreversibility generation in the DH+COND section of 

the power plant. Therefore, also in the ORC+DH configuration, the best values of 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸  and 

�̇�𝑤,𝐷𝐵𝐻𝐸 are the ones that increase the temperature level of the HRSG, namely 𝑇𝑤,𝑖𝑛,𝐷𝐵𝐻𝐸 ≈ 100 °𝐶 

and �̇�𝑤,𝐷𝐵𝐻𝐸 ≈ 1,5 𝑘𝑔/𝑠 (see Figures 14). 

As for the combined configuration ABS_CHILL+DH, it is possible to analyze which form of user-

product should be preferred, Figure 15-a shows the power and thermal production of the ORC+DH 

configurations with the maximum exergy efficiency. We note that some points are associated with 

greater power production, while others are in favour of thermal one. This result can result as 

contradictory concerning the maximization of the ORC efficiency. However, the explanation can be 

inferred from Figure 15-b which shows the optimal ratio between power and heat production as a 

function of 𝑇𝑤,𝐷𝐵𝐻𝐸,𝑜𝑢𝑡 . . At a given  𝑇𝑤,𝐷𝐵𝐻𝐸,𝑜𝑢𝑡  the de-superheating section of the cycle exceeds the 

power production due to the constraint on the evaporation pressure. The threshold value (≈ 170°𝐶 

in this analysis) depends on the critical pressure of the working fluid and approach value of the 

HRSG. Other fluids and power cycles should be employed at higher source temperature, however, 

the positive effects of the downstream DH section are confirmed. 

 

Figure 14 – Maximum-exergy design variables for ORC+DH utilization system: (a) DBHE inlet temperature; (b) DBHE flow rate; 

(c) evaporation pressure.. 

(a) (b) (c) 
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Figure 15 – (a) Thermal vs. power production in the maximum-exergy configurations for the ORC + DH utilization system; (b) 

Optimal ratio between power and thermal production depending on extracted temperature for ORC +DH utilization system. 

4.3. Optimize the exergy efficiency or the extracted energy: what strategy?  

The optimization of the exergy performance of a plant is the most correct approach by the 

thermodynamic point of view. Anyway, this paper concerns the use of deep borehole heat 

exchangers to be linked to thermal or electrical plants, so it is reasonable the research of the 

maximum production, too: for each combination of ground properties and user plant design 

variables, the code extracts the ones with maximum heat or power, and it estimates the required 

mass flow rate in the DBHE. The Figures 16 compare the two strategies, the exergy optimization and 

the production optimization, demonstrating that the clouds of data are not so far from each other, 

especially for the layouts composed by only one plant. Thus, a strategy based on the optimization 

of exergy efficiency may guarantee also the maximum production, although an ad hoc study on the 

real performance of the plant must be carried out.  
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Figure 16 – Production vs exergy efficiency: comparison of exergy optimization and production optimization. 

Figure 17 investigate what is the plant to boost to maximize the exergy efficiency in the proposed 

combined layouts (ABS_CHILL + DH and ORC + DH) with optimized heat and power production. 

The results indicate that the heat produced by the DH plant is the final use to be maximized to 

maintain the maximum (possible) values of ηII for the ABS_CHILL + DH layout. For the ORC + DH 

layout, it is recommended to improve the electrical production until the ground temperature reaches 

the value of 350 °C.  
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Figure 17 – Relation between temperature and exergy efficiency for each plant composing the combined layouts. 

5. Conclusions  

The target of this paper is to propose a fast method to evaluate the best use of deep borehole heat 

exchangers to exploit geothermal resources. Although the interest for this technology and the 

number of scientific works on the topic is increased a lot in the last 10 years, the authors are still 

divided regarding the best final use of the extracted heat. This uncertainty is probably due to the 

wide ranges of depth wells, geothermal resources and ground properties, that determine the 

feasibility of a direct use plant or a power plant.  

In this work, we have evaluated five possible utilization strategies of DBHE technology. To discuss 

the layouts, the exergy efficiency has been chosen as the main performance index as it allows the 

comparison of heating, cooling and power production on a homogeneous base. A sensitivity analysis 

involving 225 well depth, geothermal source temperature, and ground thermo-physical properties 

has been performed to analyze the exergy efficiency of considered user systems in different contexts. 

For each configuration, the main operative parameters (i.e., DBHE flow rate and the inlet 

temperature) have been optimized to achieve the highest exergy efficiency. 

The results have shown a good potential of district heating application when the geothermal source 

temperature is between 100 ÷ 300 °C, indeed DH ensures the highest values of both useful energy 

and exergy efficiency. The absorption chiller alone does not result in good performances as the 

energy conversion device has a too low exergy efficiency. Power production through ORC 

technology shows performances similar to the typical values of geothermal binary plants. However, 

the amount of the produced electricity is limited by the low energy efficiency of the power plant and 

by the exergy losses at the de-superheating and condensing section. Therefore, the amount of useful 

exergy is lower than the one produced by the thermal configurations, though the greater exergy 

value of the electrical power. The coupling of power production and downstream DH technology is 

the best solution for geothermal source temperature above 300 °C as it combines the electricity 

production and minor exergy losses at the bottom pressure of the ORC cycle. 

Additionally, in this work, we presented preliminary design tools to obtain first-attempt values and 

the optimal trends of the main design variables for each of the five possible utilization. For an 

application involving the ORC power plant, the maximum-exergy design strategy corresponds to 



26 
 

maximize the outlet temperature from the DBHE and the evaporation temperature of the working 

cycle. Therefore, low DBHE flow rates and high inlet temperatures should be used. For thermal 

applications involving DH technologies, dimensionless maps showing the optimal inlet temperature 

as a function of the ground temperature profile have been proposed. Besides, the optimal flow rate 

can be estimated through the proposed NTU maps. 

Future developments of the present work involve the analysis of other end-user applications and 

system layouts. Additionally, other fluids and power cycles should be investigated to properly 

exploit configurations with wellhead fluid temperature greater than 300 °C in replacement of 

isobutane. 
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